We describe a novel mutator phenotype in the Vaco411 colon cancer cell line which increases the spontaneous mutation rate 10 ± 100-fold over background. This mutator results primarily in transversion base substitutions which are found infrequently in repair competent cells. Of the four possible types of transversions, only three were principally recovered. Spontaneous mutations recovered also included transitions and large deletions, but very few frameshifts were recovered. When compared to known mismatch repair defective colon cancer mutators, the distribution of mutations in Vaco411 is signi®cantly dierent. Consistent with this dierence, Vaco411 extracts are pro®cient in assays of mismatch repair. The Vaco411 mutator appears to be novel, and is not an obvious human homologue of any of the previously characterized bacterial or yeast transversion phenotypes. Several hypotheses by which this mutator may produce transversions are presented.
Introduction
Mutator phenotypes have been proposed as a prerequisite for multi-step carcinogenesis (Nowell, 1976; Loeb, 1991) . By increasing the mutation rate, a mutator phenotype permits the multiple independent mutations in oncogenes and tumor suppressor genes required for multi-step carcinogenesis. Direct evidence that mutators play an important role in carcinogenesis is provided by the recent discovery of a complex mutator phenotype in colorectal cancer (CRC) resulting from defects in mismatch repair (MMR), see reviews Modrich and Lahue, 1996; Kolodner, 1995; Umar and Kunkel, 1996) . This mutator is characterized by a 100 ± 1000-fold increased spontaneous mutation rate in the hprt gene target Bhattacharyya et al., 1994; Branch et al., 1995) .
In this report we describe the unique speci®city of a new mutator defect, which is independent of MMR. We have previously shown that the Vaco411 colon cancer cell line displays a moderately (10 ± 100-fold) increased spontaneous mutation rate , and does not exhibit the RER phenotype which generally accompanies MMR defects . We now describe the spontaneous hprt mutations arising in this new colon cancer mutator, and compare these mutations to the repair capacity exhibited by cell-free extracts of this cell line. The spontaneous mutant collection lacks frameshifts, which are commonly seen in MMR defective cell lines Bhattacharyya et al., 1995; Kat et al., 1993) . Instead, transversion-type base substitutions predominate, characterizing this cell line as a novel transversion mutator.
Results

Transversions are the most frequent spontaneous hprt mutation recovered from Vaco411
Individually isolated, spontaneous, 6-thioguanine (6TG) resistant mutants were initially characterized by hprt RT ± PCR and cDNA sequencing (Table 1) . Base substitutions are the predominant type of mutation recovered (70% of total mutations). Transversions (50% of total mutations and 71% of base substitutions) occur more than twice as frequently as transitions (20% of total mutants and 29% of base substitutions). Of note, small (1 ± 4 bp) deletions, which are prevalent in MMR defective human cell lines, are almost absent (only 5%) among the Vaco411 mutations. Finally, 20% of the Vaco411 spontaneous hprt mutants harbor large deletions that remove one or more coding exons.
Sequence context of transversions
As discussed above, transversions predominate among the spontaneous mutations seen in Vaco411. A sequence level analysis of the transversions is depicted in Table 2 . All four types of transversions were recovered, but the A : T?T : A transversion (only mutant #1) is underrepresented (P=0.024, binomial distribution). The three other types of transversions are about equally represented, although the C : G?G : C transversion occurs most frequently (40% of all transversions).
Inspection of the sequences surrounding the mutated base suggests that runs of adenine and thymidine nucleotides (Table 2 , characters in italics) are found adjacent to most transversions. When de®ned as three or more consecutive A or T bases, this motif is present in 15 out of 20 transversions. The A/T run includes the mutated base in ®ve of the six transversions involving an A:T base pair (e.g. mutant #1), and is adjacent to the mutated base in ten of the 14 mutants involving a G : C base pair (e.g. mutant #8). To test for signi®cance, all transversion sites previously reported as selectable in 6TG (Cariello, 1994) TCCTCATGGAC  TTGATTGTGGA  GTGAAAAGGAC  CAAAATACAAA  E7-GACT|GTAAGTG-I7   AACCAGGTTAT  CATACCTAATC  TCATGGACTAA  TGCTCGAGATG  I5-GAAAG|GATATAATTG-E6  I5-GAAAG|GATATAATTG-E6  GAAAAGGACCC  GAAAAGCAAAA   CTGTAGATTTTATC  GTCTTGATTGT  I5-GAAAG|GATATAATTG-E6  TCAGGGATTTG  I2-CTGTAG|GACTG-E3  E7-T|GTAAGTGAAT-I7   2   116  396  498 D Exon 7 a Sequence context is shown on the sense strand only. The mutated base is depicted in bold and is underlined. Ten surrounding bases are generally depicted unless the adjacent sequence involves an A/T run (italic characters). Introns (I), exons (E), and junctions (|) are designated where necessary.
b Site of mutation is generally identi®ed as the cDNA base position. Splice site mutations occurring in introns are designated as genomic DNA base positions depicted in parentheses. Mutants 11, 12, and 17 occurring at position 403 are presented in bold version were recovered. Interestingly, position 403 possesses the longest adjacent A/T run (eight bases) in the series. Comparatively, as shown in Table 3 , such A/ T motifs are generally not found near transition mutation sites (only one out of eight transitions).
Vaco411 is MMR pro®cient
To further examine the bias in base substitutions, extracts prepared from the Vaco411 cell line were challenged with a series of mispaired substrates (Drummond et al., 1995) . Extracts from Vaco411 are fully capable of repairing base ± base mispaired substrates (Table 4 ± compare Vaco411 with the MMR competent cell line, SO). Likewise, as expected, when Vaco411 extracts are challenged with insertion-deletion heteroduplex substrates consisting of either a 5' T loop, a 5' CA loop, or a 3' CA loop, they repair these insertion ± deletion heteroduplex substrates as well as the control SO cell line.
Vaco411 mutations lack frameshifts
Consistent with pro®cient loop repair found in the extract assay, only two 1 ± 4 bp deletions are found among the spontaneous hprt mutations recovered from Vaco411 (Table 3 , mutants #29, 30). The ®rst is a single-base deletion in a short 3-base pair mononucleotide repeat. The second is a 3-base pair deletion of either AGA or GAA in an area of non-repetitive DNA. Notably, not a single frameshift mutation was found in the 6-base poly-G mononucleotide repeat located at positions 207 to 212. The paucity of this class of mutants in Vaco411 is in stark contrast to the spontaneous mutations reported in the MMR de®cient cell lines, RKO and HCT116, where frameshifts comprise about 50% of the recovered mutants (Figure 1) , and where the poly-G run is a signi®cant hotspot site. When the Vaco411 spectrum of mutations in Figure 1 is compared to that of RKO, or HCT116, it is signi®cantly dierent (P50.005, chisquare). It is also signi®cantly dierent (P50.05) from the DLD-1 cell line, which is de®cient in the MMR gene, GTBP. RKO is an RER colon cancer cell line with an unknown defect in MMR . Other mutations in the Vaco411 mutation spectrum
In addition to the mutations described above, two complex mutants were found (Table 3 , mutants #31 and 32). The ®rst complex mutation involves a double deletion and the second a double-base substitution (one transversion and one transition). These double mutations are not an artifact resulting from a mixture of two dierent mutants because DNA sequencing shows no wild type sequence mixed with the mutant sequence. The ®nal eight mutations listed in Table 1 are large deletions which are resolved through a combination of cDNA sequencing and PstI Southern blotting. The large deletions range from 190 bp to several kilobases in size.
Discussion
Vaco411 de®nes a novel human mutator phenotype in which the hprt mutation rate is elevated 10 ± 100-fold and in which transversions predominate. Several lines of evidence indicate that the Vaco411 mutator defect is distinct from the MMR de®ciency previously described in familial and sporadic CRC. The mutation rate in Vaco411 is only 10 ± 100-fold elevated above four nonmutator colon cancers in contrast to the hprt mutation rates generally seen in documented MMR de®cient cultures where the hprt mutation rate is 100 ± 1000-fold elevated Bhattacharyya et al., 1994; Glaab and Tindall 1997) . The Vaco411 cell line also possesses stable microsatellites [ 
Further, nuclear extracts of Vaco411 cells are competent when challenged with mispaired and looped substrates. Finally, the spectrum of spontaneous hprt mutations described herein shows a lack of frameshifts which stands in contrast to mutations found in human MMR de®cient cells (Figure 1 , Bhattacharyya et al., 1995; Kat et al., 1993) . Instead the mutator phenotype residing in Vaco411 primarily results in the recovery of transversions.
Transversions may spontaneously occur through DNA replication errors or as a consequence of base modi®cations. For example, previous experiments in the mutD5 strain of E. coli have suggested that MMR can be fully competent, but that a DNA polymerase defect in exonucleolytic proofreading can produce so many mispairs that normal MMR capacity is overwhelmed (Schaaper and Radman, 1989) . In this mutD5 strain an increase in transversions was observed, however the frequency of recovery of these mutations was far below the frequency of transitions seen in the same organism. Endogenous errors in nucleotide metabolism can also compromise DNA polymerase ®delity leading to an increase in transversions and/or transitions which are re¯ective of speci®c DNA pool imbalances (Kohalmi and Kunz, 1993; Meuth, 1989; Phear and Meuth, 1989) . On the other hand, it is clear that MMR in bacteria requires at least ten individual components (Modrich, 1991) and that the human system is even more complex (Modrich and Lahue, 1996; Kolodner, 1996) . Therefore, it is possible that Vaco411 harbors an atypical MMR de®ciency, due to a defect in a relatively minor component of MMR that is not revealed in extract assays. Alternatively, observed mutations may arise in the presence of a functional MMR system because the mispaired intermediates are shielded from repair, possibly due to an unde®ned component which interacts with neighboring A/T runs. Theoretically, this could occur because the less tightly hydrogen bonded A : T base pair runs might permit local melting of the DNA duplex adjacent to the mispair, thereby preventing recognition by the MMR system. In this regard, bacterial MMR does not correct all base ± base mispairs with equal eciency. For example, base ± base mispairs which could result in transversions are not repaired as well as other mispairs. Furthermore, DNA repair can be modulated by the surrounding DNA sequence (Fazakerley et al., 1986) , suggesting that a similar mechanism could lead to an increase in mutant recovery in certain areas such as A/T runs or the A/T cluster at position 403. In this regard, the sites where transitions occur in the present study are not surrounded by A/T motifs, strengthening the suggestion that these motifs may be involved in a reaction important to correction of mispairs leading to transversions. Finally, it is possible that the mispaired intermediates in these local areas of the gene do not occur through replication errors and are not normally repaired by components of MMR, but rather may be repaired by another system which is defective in this cell line.
Because the Vaco411 mutator phenotype appears distinct from that associated with MMR defects, an analogous mutator among those previously described (Michaels et al., 1990 ) (Michaels et al., 1990 ) (Schaaper, 1988 ) (Michaels et al., 1992) (Yanofsky et al., 1966) (Nghiem et al., 1988) (Kang et al., 1992) (Kunz et al., 1991) (Kunz et al., 1989) (Kunz et al., 1994) a Fold increase above background.
b Applies only to minimal media conditions in either bacteria or yeast was sought (Table 5) . Six bacterial transversion phenotypes are shown, but when the resulting mutation rates and the predominant type of transversion formed are considered, Vaco411 does not functionally appear to harbor a defect which is an obvious human homolog of a known bacterial transversion mutator. Similarly, Vaco411 appears not to be the human homolog of one of the four characterized yeast transversion mutators.
Carcinogenesis requires mutation and is frequently accompanied by mutator phenotypes. Identi®cation of the hotspots spontaneously generated in these mutator phenotypes may allow one to predict the critical changes seen in oncogenes and tumor suppressor genes. In addition to elucidating carcinogenic pathways, comprehensive knowledge of mutator phenotypes may aid in the molecular diagnosis of cancer, and provide strategies for cloning the genes responsible for the underlying defects. Better understanding of mutator phenotypes may also identify environmental exposures to be avoided in certain predisposed individuals, and may predict speci®c therapeutic responses in certain cancers. The described mutator in which transversions predominate is unique, in that transversion base substitutions are recovered less frequently than transitions in repair competent cells (Giver et al., 1993; McGregor et al., 1991; Nigro et al., 1989; Powell et al., 1992) . Insight into the prevalence of this new mutator may be gained by ®nding additional microsatellite stable (non-RER) tumors in which multiple transversions are found in independent gene targets. Since non-RER tumors are more common than RER tumors, this new mutator has the potential to be fairly prevalent. In this regard, Vaco411 may be representative of a class of mutators in non-RER CRCs, which we have shown displays moderately elevated mutation rates. Therefore, the Vaco411 transversion mutator may have additional counterparts among other colon cancers. The discovery of yet another CRC mutator adds further evidence in support of the multi-step mutator hypothesis (Nowell, 1976; Loeb, 1991) .
Materials and methods
Cell culture and selection
The Vaco411 cell line was originally established from a female patient with a villous colonic polyp with carcinoma in situ (Markowitz et al., 1994; Wang et al., 1995) . Vaco411 cell culture and selection of independent 6TG resistant mutants were performed essentially as described (McBain et al., 1984; . Brie¯y, based on the elevated spontaneous mutation frequency (Eshleman et al., 1995, designated Vaco410 therein), Vaco411 cells are purged of pre-existing mutants by regrowth from 100 cells in independent¯asks. After reaching about 10 7 cells per¯ask, they are subcultured and selected for 6TG resistant mutants in 1.5 mg/ml 6TG at 10 000 cells per well in 96 well plates. A single mutant was isolated from each ask.
Molecular characterization of mutants
Mutants described in this study are 6TG resistant clones which have an alteration in their hprt cDNA,¯anking introns in genomic DNA, or alteration on Southern blot. Following expansion of resistant cells, RNA and genomic DNA are isolated using the guanidine/cesium ultracentrifugation method. Nucleic acid isolation, RT ± PCR, cDNA sequencing, splice-site genomic DNA sequencing, and PstI Southern blotting are performed as described .
Mismatch repair assays
Mismatch repair in cell free extracts was evaluated as described previously (Parsons, et al., 1993; Li and Modrich, 1995) . Brie¯y, mismatch repair assays were performed with 100 mg of nuclear extract and 24 fmol of heteroduplex DNA which contained a single strand break 125 nucleotides 5' or 181 nucleotides 3' to the mispair Kat et al., 1993) . The heteroduplexes (Su, et al., 1988; Parsons, et al., 1993; Drummond, et al., 1995) and the nuclear extracts used in this assay were prepared as described (Holmes, et al., 1990) . All reactions were performed in 10 ml at 378C for 15 min. The results are an average of 2 ± 3 determinations.
Statistical methods
To analyse the distribution of transversion types, the null hypothesis is established where each transversion type has an equal probability of occurring. The probability of obtaining either zero or one A : T?T : A transversion versus the other three transversion types grouped together is then calculated according to a binomial distribution (P=0.024).
To analyse the probability of ®nding A/T runs adjacent to sites of transversion, the transversion selectable sites were identi®ed from the Cariello hprt database (Cariello, 1994) , supplemented with the transversion sites reported in RKO , and Vaco411 (this report). Runs were tabulated as containing three or more consecutive A/T bases. The sites of transversions in Vaco411 as reported in Table 2 and the phenotypically selectable transversion sites in the hprt database were analysed according to this criterion. A binomial distribution calculation was performed to determine whether the dierences in distribution are statistically signi®cant. A similar distribution analysis was performed for the transition sites in hprt.
A chi square analysis is performed to compare the distribution of mutation types. A summary of the spontaneous mutations recovered from Vaco411, RKO, HCT116 and DLD-1 are presented in Figure 1a . The distribution of mutations in each cell line is compared individually to the distribution seen in Vaco411.
